We propose and experimentally demonstrate a five-port silicon optical switch based on the optimized Spanke-Beneš structure for 2-D-mesh network on chip. We optimize it by substituting optical waveguide crossings for 2 × 2 optical switching units. By this approach, the total number of optical switching units is reduced from 10 to 8 compared to a five-port optical switch based on Spanke-Beneš structure. The 2 × 2 optical switching unit is based on balanced Mach-Zehnder interferometers with integrated titanium nitride microheaters on both arms. The average operating power consumption of the whole switch is 215 or 178 mW for the left arm or right arm by using single-arm driving, which will be reduced to 89 mW by using dual-arm driving. The insertion losses (excluding coupling losses) of the five optical links under "all-cross" and "all-bar" states are 3.2-6.0 and 3.3-6.2 dB, respectively, in the wavelength range of 1525-1565 nm. The optical signal-to-noise ratios are larger than 12.2 dB in 1525-1565 nm. 40-Gb/s data transmission experiment is implemented to verify the transmission functionality. The 10-90% rising and 90-10% falling time of the optical switching units in the device by thermal tuning are all ∼17 μs.
Introduction
Photonic network-on-chip (NoC) has been recognized to promise future large-capacity, low-latency and low-power-consumption interconnect of high-performance many-core chip multiprocessors (CMP) [1] - [3] . In the past several years, various photonic NoC, such as Mesh, Fat-Tree, Clos, torus and flattened butterfly, have been proposed and demonstrated [4] . Among them, 2D-Mesh has been widely used in practical application because of its simple grid-type shape and regular structure, which is the most appropriate for the two-dimensional layout on a chip [4] , [5] . In a 2D-Mesh photonic NoC, a routing node has four ports (West, South, East, and North) to connect with other routing nodes and a local port to connect with the processing element. Thus a five-port optical switch is appropriate for constructing the routing node [5] , [6] .
Performance of switches in routing nodes is deemed to be one of the main factors impacting the performance of NoC [5] , [6] . To reduce the insertion losses and power consumption of the switch, optimizing the topology of the optical switch to get the same functionality with less optical switching units (OSUs), and improving the performance of single OSU are two major approaches. For the merits of compactness and compatibility with the standard complementary metal-oxidesemiconductor (CMOS) process, silicon photonic platform has been adopted to demonstrate optical switching networks based on several switch topology structures, such as Spanke-Beneš, Beneš, and PILOSS, in the past several years [7] - [11] . Spanke-Beneš structure can construct switch with arbitrary number of ports, while the port number of Beneš structure must be a power of two [7] , [8] . Although the losses of PILOSS network are very uniform, compared with Spanke-Beneš network, it has nearly twice the number of switching units and many waveguide crossings, which increase the insertion losses (ILs) and crosstalk [7] , [9] , [12] . Consequently, Spanke-Beneš structure is more appropriate to construct a five-port optical switch. Composed of N (N − 1)/2 OSUs, Spanke-Beneš network is originally designed for situations where path crossovers are not allowed, to avoid the relatively high IL and crosstalk of a waveguide crossing whose performance is limited by early fabrication process in thirty years ago [7] . Yet now a waveguide crossing usually has lower IL and crosstalk than an OSU constructed by MZI [13] . For a five-port reconfigurable non-blocking optical switch based on Spanke-Beneš structure, there exist many redundant switching states, which is the fundamental of further optimization. On the premise of maintaining the original function, substituting some OSUs by waveguide crossings makes the switch lighter and perform better in ILs, crosstalk and power consumption.
Several optical structures for constructing an optical switch such as Mach-Zehnder interferometers (MZIs) [10] , [11] , [13] , directional couplers (DCs) [14] , microring resonators (MMRs) [15] and multimode interferometers (MMIs) [16] , have been demonstrated on silicon-on-insulator (SOI) platform. Among them, MZIs have larger tolerance to fabrication imperfections and lower temperature sensitivity [17] . Nevertheless, the slight length difference between its two arms, caused by fabrication imperfection, induces random phase errors into the waveguides. It requires an extra voltage to compensate these phase shifts in the single-arm driving situation, which usually leads to relatively high driving voltage and further results in higher operating power consumption of the whole switch. Compared with single-arm driving, dual-arm driving is more power-efficient, since the random phase error of one arm can be regarded as a phase compensation to the other arm in a specific switching state.
In this paper, we propose and experimentally demonstrate an optimized thermo-optic five-port optical switch based on Spanke-Beneš structure on SOI platform for 2D Mesh NoC. It consists of eight Mach-Zehnder optical switches (MZSs), which is optimized by substituting two optical waveguide crossings for two 2 × 2 Mach-Zehnder optical switches of a typical five-port Spanke-Beneš switch. Dual-arm driving is exploited for phase shifting to reduce the operating power consumption of the whole switch. The insertion losses (ILs) and optical signal-to-noise ratios (OSNR) of five optical links under "all-cross" and "all-bar" states are measured in the wavelength range of 1525 ∼ 1565 nm. 40 Gbps data transmission experiment is implemented to verify the transmission functionality. The measured 10% ∼ 90% rising and 90% ∼ 10% falling time of the OSUs upon thermal tuning are all about 17 μs. Fig. 1(a) shows the architecture of the five-port optical switch based on Spanke-Beneš planar permutation network. It is composed of ten 2 × 2 OSUs S 1 ∼ S 10 without waveguide crossings and can be divided into five stages. We label five input/output ports of the switch as I 1 ∼ I 5 /O 1 ∼ O 5 and denote the optical link from input I i to output O j as I i → O j (i , j = 1, 2, 3, 4, 5). The optical switch in Fig. 1(a) is rearrangeably nonblocking, which means that for a special input-output (IO) connection in the network, the path needs to be rearranged to accommodate the other IO configurations, which makes its path is not unique [12] . For instance, if we denote the i-th OSU in "cross" or "bar" state as path for I 2 → O 3 need to be rearranged though its IO connection has no change. The switch in Fig. 1 (a) has ten OSUs, which are either in "cross" or "bar" state, thus there are 2 10 = 1024 possible configurations for the switch. Nevertheless, for a five-port optical switch, its IO configurations are 5! = 120 which is much smaller than the 1024 possible configurations for the switch, indicating that there are repetitive configurations which are mapping to the same IO configurations. Ordinarily a 2 × 2 OSU is used to connect different optical paths and manipulate the direction of optical streams. However, if a OSU is constrained in "cross" state and the switch can still be rearrangeably nonblocking by adjusting the configurations of the other OSUs, the OSU can be replaced by a waveguide crossing. By this means the OSU count in the switch can be reduced and the structure of the switch is simplified. Owing to the very low IL and high OSNR of a waveguide crossing [13] , this substitution reduces the ILs and crosstalk of the optical paths passing through these replaced OSUs. Since a waveguide crossing is a passive component, it has no power consumption compared with an OSU which usually needs an extra voltage applying to it to maintain "cross" state. Consequently, the operating power consumption of the switch can be reduced.
Optimized Optical Switch Design
As illustrated in Fig. 1(b) , the optimized five-port switch comprises eight OSUs and two waveguide crossings. Compared with the switch in Fig. 1(a) , S 9 and S 10 are replaced by two waveguide crossings. It is noteworthy that once an OSU is replaced by a waveguide crossing, some IO configurations may be lost and the total IO configurations are less than 120, which means that the switch is blocking. Thus, verifying the rearrangeably nonblocking characteristic of the optimized switch is an essential prerequisite. Here we testify it by adopting a transfer matrix approach, which is very common to describe the IO configuration of a switch [18] . Similar to the switch in Fig. 1(a) , the optimized switch can be divided into five stages and the permutation matrix of the switch can be calculated by multiplying the transfer matrix of each separate stage as the light propagation sequence. For instance, the transfer matrix of stage 1 and stage 2 can be expressed as 
For a N-port switch which can be divided into M stages, the permutation matrix of the switch can be given by
If we define set T set = {T }, which contains all possible values of permutation matrix T. We use the notation |T set | to represent the number of elements contained in T set . For a N-port switch, the judgment is given by
Since a permutation matrix is only mapping to one I/O configuration, |T set | = 120 for a nonblocking five-port switch. Once |T set | is less than 120, the optimized switch loses some I/O configurations and is blocking. Using this judgment, the rearrangeably nonblocking characteristic of the switch can be verified. As there are 2 8 = 256 possible configurations for the optimized switch, it is difficult to manually calculate |T set |. A MATLAB script has been written to operate the calculation taking full advantage of MATLAB matrix functions and computing capability. The result shows |T set | = 120, verifying that the optimized switch is rearrangeably nonblocking.
2 × 2 Mach-Zehnder switching unit is used as the OSU in the optimized five-port optical switch for its larger tolerance to imperfect fabrication and lower temperature sensitivity. 2 × 2 multimode interference (MMI) coupler with paired interference mechanism is adopted to realize the power splitting and combining because of its better performance in power splitting imbalance [19] . It is 6 μm in width, 43 μm in length, 220 nm in height and 70 nm in slab thickness, which is optimized by three-dimensional finite-difference time-domain method. The calculated propagation loss of the MMI coupler is 0.3 dB. The length of each arm of the OSU is 240 μm covered by a 200 μm length micro-heater. Fig. 2 shows the micrograph of the fabricated device with a footprint of 4000 μm × 895 μm. An 8-inch silicon-on-insulator wafer with a 220-nm-thick top silicon layer and a 3-μm-thick buried silicon dioxide layer is used to fabricate the device. The patterns are defined by 248-nm deep ultraviolet photolithography. Inductively coupled plasma etching is employed to form the silicon rib waveguides, which are 400 nm in width, 220 nm in height and 70 nm in slab thickness and only supports fundamental quasi-TE mode. A 1500-nm-thick silicon dioxide layer is deposited on the silicon layer by plasma-enhanced chemical vapor deposition (PECVD) to prevent the absorption of the optical field by the metal. Then a 150-nm-thick titanium nitride is sputtered on the separate layer and 1-μm-wide and 200-μm-long TiN micro-heaters are fabricated on the two arms of the Mach-Zehnder optical switch to realize the thermal tuning. Via holes are etched after depositing a 300-nm-thick silicon dioxide layer by PECVD. Finally, aluminum wires and square pads with the size of 70 μm × 70 μm are fabricated.
Device Fabrication

Experiment and Result Discussion
The bottom half of Fig. 3 illustrates the experimental setup for characterizing the transmission spectra of the device. Light emitted from an amplified spontaneous emission source (ASE) is coupled into the device by a lensed fiber with a spot size of 5 μm. Then the output light is measured by an optical spectrum analyzer (OSA). Direct-current powers are utilized to control the driving voltages applied to the phase-shifting arms of the OSUs to toggle their states ("cross" or "bar"). The eight OSUs should be in "cross" state in theory when no driving voltages are applied to them. Due to the random phase errors caused by fabrication imperfection of the waveguides, the OSUs are not exactly in "cross" state and need extra voltages to correct these random phase errors. Theoretically, these phase errors can be corrected by applying a correction voltage to either phaseshifting arm of each OSU. To reduce the power consumption of the switch, we first choose the arm with lower correction voltage of each OSU to finish the phase errors correction, after which the switch is in "all-cross" state. Then we apply a voltage to the other phase-shifting arm of each OSU to toggle the switch to "all-bar" state. Usually, the local communication in one processor core is carried by electrical interconnect, so light injected into one port should not be guided to the output of the same port like the switch do in "all-bar" state. Here the switch in "all-bar" state is specially measured for performance characterization. Straight waveguides with the same coupling structures as those of the device are used to normalize the transmission spectra of the switch in the two states, which are shown in Fig. 4 . The ILs of the switch are composed of three parts: the propagation losses of connected waveguides, ILs of waveguide crossings and ILs of OSUs. The measured IL of the waveguide crossing is ∼0.05 dB and the propagation loss of the connected waveguide is 2.5 dB/cm. The ILs of the OSU vary from 0.7 ∼ 2.8 dB in "cross" state and 1.1 ∼ 3.3 dB in "bar" state in the wavelength range of 1525 ∼ 1565 nm [20] . Due to the dispersion of the OSUs based on Mach-Zehnder interferometers, slight wavelength dependence is observed in the transmission spectra. As illustrated in Fig. 4 , the ILs of the five optical links under "all-cross" and "all-bar" states are within 3.2 ∼ 6.0 dB and 3.3 ∼ 6.2 dB respectively in the wavelength range of 1525 ∼ 1565 nm. The crosstalk between two optical links is caused by the OSUs and waveguide crossings which are common to their paths. In the worst case, the total noise for an optical link is the summation of the crosstalk from the other four optical links, as shown in the bold blue curve in Fig. 4 . The results show that the OSNRs of five optical links under "all-cross" and "all-bar" states are 12.2 ∼ 25.7 dB and 13.0 ∼ 37.8 dB respectively in the wavelength range of 1525 ∼ 1565 nm. The relatively low OSNR is mainly caused by the power imbalance of the 3 dB MMI coupler in the Mach-Zehnder switch due to the fabrication imperfection. In theory, a 1 dB power imbalance limits the crosstalk to about −25 dB and the power imbalance should be as small as 0.16 dB to achieve a crosstalk smaller than −40 dB [21] . To further reduce ILs and improve the OSNRs of the switch, a more advanced fabrication process should be considered [11] .
The experimental setup for data transmission characterization is shown in the top half of Fig. 3 . Continuous-wave (CW) light at 1550 nm emitted from a tunable laser (TL) is first modulated by the LiNbO 3 optical modulator, which is driven by 40 Gbps pseudo-random binary sequence (PRBS) with a length of 2 31 − 1 generated by a pulse pattern generator. Then the light is set to transverse electric (TE) polarization by a polarization controller (PC). The light derived from the PC is sent to a straight waveguide with the same coupling structure as that of the device. The output optical signal is then amplified by an erbium-doped fiber amplifier (EDFA) and filtered by a tunable filter (TF) before being sent to the DCA for back to back (B2B) eye diagram observation. Similarly, the straight waveguide is then replaced by the device under test ( Single-arm driving is commonly employed to control the phase difference between the two phaseshifting arms of a MZS [22] . Nevertheless, random phase errors caused by fabrication imperfection require extra voltages to calibrate the initial phase of the phase-shifting arms. Table 1 lists the driving voltages and power consumptions of the eight OSUs with single-arm and dual-arm driving. The results show that the power consumption of a single OSU to achieve a "π" phase shift is 17 ∼ 30 mW. The total power consumptions are 199 mW/231 mW and 173 mW/182 mW in "all-cross"/"all-bar" state when the switch is driving by left phase-shifting arm and right phaseshifting arm respectively. In the case of dual-arm driving, the total power consumption can be reduced to 97 mW/80 mW in "all-cross"/"all-bar" state. If we assume that each OSU works in either state ("cross" or "bar") half of the operating time, the average operating power consumptions of the whole switch are 215 mW/178 mW for single-arm driving and 89 mW for dual-arm driving. Compared with single-arm driving, dual-arm driving saves about half of the power consumption for the device. Ideally, there are no random phase errors in the phase-shifting arms. In this case, single-arm and dual-arm driving have equal power consumption in theory. The extra power consumption depends on the phase deviation from theoretical value for each phase-shifting arm. Consequently, improving fabrication is effective to reduce the power consumption. Air-trench can also be implemented to improve the heat efficiency and further make the device power-efficient [23] .
The switching speed of the switch is characterized by measuring time-domain dynamic response of the OSUs. Two 10 KHz square-wave electrical signals from an arbitrary function generator are separately applied to the two phase-shifting arms of an OSU simultaneously and a real-time oscilloscope is used for response time measurement. The schematic of OSU driven by dual-arm is illustrated in Fig. 6(a) . To balance the rising and falling time of the OSU, the phase difference of two driving voltages applied to the two phase-shifting arms is about 190.5°, which a little deviates from its theoretical value of 180°. The result shows that the 10% ∼ 90% rising time and 90% ∼ 10% falling time of the OSUs upon thermal tuning are all about 17 μs, as shown in Fig. 6(b) . To improve the dynamic switching performance of the switch in a 2D Mesh network, an electro-optic tuning mechanism with higher switching speed can be considered in the future [24] .
Conclusion
In conclusion, a five-port silicon optical switch based on optimized Spanke-Beneš structure for 2D-Mesh NoC is proposed and experimentally demonstrated. Optical waveguide crossings are utilized to replace the 2 × 2 optical switching units in the original switch. The ILs, crosstalk and power consumption can be reduced by this approach. A dual-arm driving method is exploited for tuning the switching state and the average operating power consumption of the whole switch is reduced from 178 mW/215 mW (single-arm driving) to 89 mW (dual-arm driving). The ILs of five optical links under "all-cross"/"all-bar" states are 3.2 ∼ 6.0 dB/3.3 ∼ 6.2 dB respectively in the wavelength range of 1525 ∼ 1565 nm. The optical signal-to-noise ratios are larger than 12.2 dB in 1525 ∼ 1565 nm. 40 Gbps data transmission experiment is implemented to verify the transmission functionality. The measured result shows the 10% ∼ 90% rising time and the 90% ∼ 10% falling time of the OSUs upon thermal tuning are all ∼17 μs. The optimized five-port switch is more compact and perform better in ILs, crosstalk and power consumption than original switch on Spanke-Beneš structure and shows promising potential for future application in 2D-Mesh NoC.
